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Abstract 

With the increasing environmental impact from the automotive industry, electric vehicles 
become more and more popular. This combined with the great breakthroughs in fast electronics 
the switched reluctance motor (SRM) has again gained popularity in recent years. Due to its 
cheap and rugged construction it is a good alternative to the permanent magnet motors and to 
the induction motor. The ´two main problems holding the SRM back are torque ripple and the 
acoustic noise generated from it. A lot of research is currently being performed in order to find 
a solution to these issues.  
 
This thesis has investigated different materials for the rotor in a high speed SRM. Different 
materials have been evaluated based on both mechanical and magnetic properties. This is done 
through simulations of the forces acting on the rotor combined with simulations of the magnetic 
field. The forces are simulate in the DASSULT SYSTEMS ABAQUS program and the 
magnetic field is simulate using AVL FIRE. Three different kinds of alloys are investigated, 
two different cobalt alloys are simulated as well as a silicon alloy with pure iron as a reference.  
 
The results show that the material needs to have a yield strength of at least 349 MPa to withstand 
the forces affecting the rotor. And that by using the high purity cobalt-iron alloy the generated 
torque could be increased with up to 20.9%, but with a cost increase of 3151.9% compared to 
the silicon alloy.   
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Sammanfattning 

Med den ökande miljöpåverkan från fordonssektorn växer intresset för elektriska fordon. Det 
ökande intresset kombinerat med stora framgångar inom elektronik har väckt ett stort intresse 
för den variabla reluktansmotorn. Tack till dess pålitliga och billiga konstruktion är det en bra 
kandidat att ersätta permanent magnet motorn och induktionsmotorn. Det som tidigare hållit 
tillbaka den variabla reluktansmotor är fluktuationer i de genererade vridmomentet och de ljud 
som genereras ifrån detta. Mycket forskning pågår för att hitta lösningar till dessa problem.  
  
Detta examensarbete har fokuserat på att undersöka olika material för att använda i rotorn för 
en variabel reluktanshöghastighetsmotor. Olika material har utvärderats med avseende på både 
mekaniska och magnetiska egenskaper. Detta har genomförts genom simuleringar av de krafter 
som påverkar rotorn kombinerat med simuleringar av magnetfälten i rotorn. Spänningarna i 
materialet har simulerats i DASSULT SYSTEMS ABAQUS och magnetfältet har simulerats i 
AVL FIRE. Tre olika legeringar testades, två kobolt legeringar och en kisel legering. Rent järn 
simulerades också för att agera som referens.  
 
Resultaten visar att sträckgränsen för materialen måste vara över 349 MPa för att klara de 
påfrestningar som rotorn utsätts för. Genom att använda kobolt järn legeringen kunde 
vridmomentet ökas med 20.9%, med en ökad kostnad av 3151.9% jämfört med kisel järn 
legeringen.  
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NOMENCLATURE 
 

M . . . . . . . . . . . . . . . Magnetization [T]  

Mr . . . . . . . . . . . . . . . Remanent magnetization [T] 

Mr . . . . . . . . . . . . . . . Saturated magnetization [T] 

H . . . . . . . . . . . . . . . Coercive force [A/m] 

B . . . . . . . . . . . . . . . Magnetic flux density [T] 

P . . . . . . . . . . . . . . . Permeability [henry/m] 

PR . . . . . . . . . . . . . . . Relative permeability [-] 

F . . . . . . . . . . . . . . . Force [N] 

Fc . . . . . . . . . . . . . . . Centrifugal force [N] 

m . . . . . . . . . . . . . . . Mass [kg] 

ω . . . . . . . . . . . . . . . Radial velocity [rad/s] 

r . . . . . . . . . . . . . . . Radius [m] 

P . . . . . . . . . . . . . . . Power output [kW] 

τ . . . . . . . . . . . . . . . Torque [Nm] 

τ Max . . . . . . . . . . . . . . . Maximum torque [Nm] 

τ Base . . . . . . . . . . . . . . . Base speed torque [Nm] 

fs . . . . . . . . . . . . . . . Switching frequency [1/s] 

q . . . . . . . . . . . . . . . Number of phases [-] 

Nr . . . . . . . . . . . . . . . Number of rotor poles [-] 

Drotor . . . . . . . . . . . . . . . Rotor diameter [m] 

Dstator . . . . . . . . . . . . . . . Stator diameter [m] 

Dmax . . . . . . . . . . . . . . . Maximum diameter [m] 

γ . . . . . . . . . . . . . . . Rotor pole arc/pitch ratio [-] 

β . . . . . . . . . . . . . . . Stator pole arc/pitch ratio [-] 

γr . . . . . . . . . . . . . . . Rotor yoke [m] 

kyr . . . . . . . . . . . . . . . Rotor yoke constant [-] 

Dsh . . . . . . . . . . . . . . . Shaft diameter [m] 

hr . . . . . . . . . . . . . . . Height of rotor arms [m] 

Dr . . . . . . . . . . . . . . . Rotor inner diameter [m] 

σ . . . . . . . . . . . . . . . Stress [Mpa] 
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1 Introduction 
1.1 Background 
With the environmental impact from the automobile industry becoming more and more present, 
the interest for electric vehicles (EV) grows with it. The major problem holding EV back today 
is high battery and motor cost combined with slow charging time and a limited range. But, 
predictions are that during the 2020s it will no longer be economical to own a conventional 
gasoline or diesel vehicle instead of an electric one [1]. Many electric motors use permanent 
magnets and the price of rare-earth permanent magnets are predicted to keep increasing [2]. 
Rare-earth magnets are magnets that are made from rare-earth elements (REE), these elements 
are the 15 lanthanides elements plus Scandium and Yttrium [3]. Although these elements aren’t 
as rare as the name imposes, there’s a concern around price fluctuations. For example, in 2011 
the price for REE increased by 600% when China threatened to stop exports of these elements, 
China is responsible for about 96% of mined REE worldwide [4]. 
 
This price increase wasn´t for long but the concern still remains. Because of this a lot of research 
is going on around motors without REE. The most widely used motor is the induction motor, 
this motor doesn’t need any REE but operates by alternating current (AC) and therefor can´t 
work directly from the battery’s direct current (DC), thus requiring an inverter. This results in 
a more expensive motor package. The speed of an induction motor is also directly dependant 
on the frequency of the AC, because of this induction motors aren’t suitable for high-speed 
applications as the frequencies needed would result in too high losses.  

1.1.1 Switched reluctance motor 
This report will focus on the switched reluctance motor (SRM), one of the oldest electrical 
motors around and was first developed in 1838 [5], [6]. The name comes from the configuration 
of the motor, switched comes from the fact that the motor constantly switches phases on/off 
and reluctance from that the motor works off reluctance  
 
The windings are located on the stator and the rotor is made out of steel laminations stacked on 
an axis, this makes SRM cheap and easy to manufacture. As the rotor has no windings there 
will be no heat generated in the rotor, making the motor easy to cool as cooling is only 
performed on the stationary part. SRM´s works of the fact that magnetic flux will (just like 
electricity) travel the path of least resistance, as the motor is unaligned the resistance will be 
great and the motor will try to align itself, resulting in rotation. This is visualized in Figure 1.1, 
here it can be seen that the magnetic flux will pass through the rotor and pull it towards the 
aligned position where the reluctance is minimized. 
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Figure 1.1 - Magnetic flux for unaligned (left) and aligned (right) position 

There are some concerns about torque-ripple and as a result acoustic noise. These problems 
have been addressed extensively but won’t be covered in this report [7], [8], [9]. Unlike brushed 
DC and AC induction motors, SRMs won’t be able to operate directly from a power source and 
instead, like brushless DC motors, require electronics to initiate the different phases at the 
correct time. SRMs also requires a sensor for the rotor position combined with a feedback loop 
to operate smoothly. The feedback loop compares the actual current and rotor position to the 
sent signal and adjust for the difference, a typical SRM operation can be seen in Figure 1.2. It 
is due to this requirement of fast electronics that these motors recently have gained popularity 
again, due to the great breakthroughs in fast electronics. 
 

 
Figure 1.2 - Control strategy of a SRM 

There are a lot of different configurations of SRMs available. A SRM will need at least two 
phases to be able to self-start, and at least three phases to be able to self-start in a pre-determined 
direction. In Figure 1.3 the cross section of a three phase SRM with 6 stator arms and 4 rotor 
arms is shown. 
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Figure 1.3 - Three phase 6/4 SRM motor 

In a SRM the stator poles are independent and the motor can therefor continue running even if 
one phase fail, but at lower power. Different configurations can be seen in Table 1.1 [11]. More 
phases and poles will result in higher torque and a smoother operation while requiring faster 
switching between the phases, the frequency of this switching is referred to as the switching 
frequency and is discussed further in section 3.1.3. A higher switching frequency results in 
higher losses [12].  
 

Table 1.1 - Typical motor configurations 

       Poles    
Stator  4 6 12 8 12 10 
Rotor  2 4 8 6 10 8 

 

1.2 Problem statement 
The purpose of this thesis is to evaluate different materials for the rotor in a high-speed switched 
reluctance motor for a passenger car. The materials will be evaluated based on minimum yield 
strength, maximum torque production and cost per unit. This is to be done through simulations 
to determine what mechanical properties that are needed for the material, as well as determine 
how the magnetic properties impact the generated torque. The motor is simulated at 30,000 rpm 
because there is a current study going on at AVL simulating acoustic noise at this speed.  
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2 Theory of Material 
2.1 Magnetism 
To understand which magnetic properties that will be of importance a basic knowledge of 
magnetism is needed, this is presented below. 

2.1.1 Ferromagnetism 
A simple way to understand the magnetic forces acting on a material is to visualize it as a 
nucleus that is surrounded by spinning electrons [13]. To understand this completely requires 
quantum mechanics, which won´t be covered in this report.  
 
When the electrons spin they generate moment, when these moments act inside a crystal there 
are four possible scenarios of how the atoms interact. This report will only focus on Ferro-
magnetics, as these materials has the highest net moment. Ferromagnetism occurs when the 
energy from the interaction between the atoms is reduced by aligning the fields parallel. This 
energy is called exchange energy and overcomes the randomizing effect. The temperature at 
which the exchange energy is not sufficient to keep the fields parallel is known as the Curie 
temperature, at the Curie temperature the material loses all of its magnetic properties [13].  
 
The material will be divided into regions where the magnetisation is uniform in one direction, 
these regions is knowns as magnetic domains. A magnetic domain is not to be mistaken with 
grains in a crystalline material, in most materials a single grain have multiple magnetic domains 
inside of it [14]. When the material is exposed to a magnetic field the domains will align to the 
direction of the field as seen in Figure 2.1. 
 

 
Figure 2.1 - Ferromagnetic material without and with applied field 

The only useful Ferromagnetic elements are Iron, Nickel, and Cobalt, with the magnitude of 
total moment in descending order. A few of the rare-earth elements also show Ferro-magnetic 
behaviour but these are not suitable for this application [2] [13] [15]. 
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2.1.2 Hysteresis loop 
To visualize how the material reacts to an applied field a hysteresis loop can be used. Figure 
2.2 displays a typical hysteresis loop.   
 

 
Figure 2.2 - On the x-axis of the hysteresis loop is the applied magnetic field H, this field has both an amplitude and a 

direction. On the y-axis is the magnetization M and represents how strongly a material is magnetized. 

When a material has not yet been exposed to a magnetic field the magnetisation is zero, when 
the material is first exposed to a field the magnetisation increases until the material becomes 
saturated at the point Ms. As the field is then reduced the magnetisation decreases until the field 
reaches zero. At this point some magnetisation remains in the material, this magnetisation is 
referred to as Mr. To reduce the magnetisation further the field needs to be applied in the 
opposite direction. Mr is called remanent magnetization and is the magnetization that is left 
after the material is taken out of the magnetic field, this means that to return the material to its 
original state the magnetic field needs to be decreased further, to –Hc [13] [16]. 
 

2.1.2.1 Hysteresis losses 
Hysteresis loss is the amount of energy needed to return the domains to their original state. 
After the magnetic field aligning the domains are removed some of the domains will not return 
to their original position. The energy needed to return these domains is known as the hysteresis 
loss and is defined by the area of the hysteresis loop [13]. Narrow hysteresis loop Æ Small 
hysteresis loss.  
 
These losses combined with circulating currents in the stator known as eddy currents are 
referred to as core losses [25]. These simulations focus on the rotor but as the majority of the 
losses are located in the stator this won’t be discussed further. 
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2.1.3 Hard vs soft 
Ferromagnetic materials are divided in to two different classes, these are hard and soft 
materials. What specifies if a material is soft or hard is related to how easily the material adapt 
to an applied magnetic field, i.e. if the domain walls move easily it´s a soft magnet and vice 
versa [13]. This means that if a magnetic field is applied to a soft magnetic material it will easily 
adapt to the magnetic field, and when the field is removed it will easily decrease in 
magnetisation. From this it can be understood that a permanent magnet is made of a hard 
magnetic material as it will stay magnetized after the field is removed. In a soft magnetic 
material the coercive field H ranges from 0 to 1000 A/m and for a hard magnetic material ranges 
from 10000 to 2000000 A/m, showing a profound difference between hard and soft magnetic 
materials [13]. The difference can also be seen in Figure 2.3. 
 

 
Figure 2.3 - Hard and soft magnetic materials [17] 

For the material in the rotor examined in this report only soft magnetic materials are of interest 
as the material needs to adapt quickly to the magnetic field when used in an electric motor.  
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2.1.4 Magnetic flux density 
To be able to calculate the force acting on the rotor it is necessary to know the magnitude of 
the magnetic field. This can be achieved using the magnetic flux density B, defined by: [16] 
 

 𝐵 = 𝜇𝑅𝐻 (2.1) 

Here 𝝁𝑹 is the relative permeability and can be explained as the increase or decrease in the 
magnetic field when passing through a material. 𝝁𝑹 is dimensionless and defined as a ratio 
between the permeability for a certain material and the permeability of vacuum: 
 

 𝜇𝑅 = 𝜇
𝜇0

 (2.2) 

Where 𝝁𝟎 is the permeability of vacuum and is constant at 𝝁𝟎 = 4𝜋 ∗ 10−7[H/m] [13]. This 
means that if a material has 𝝁𝑹=4 the magnetic flux will be 3 times higher in that material than 
it would have been in a vacuum. This implies that the higher the relative permeability the higher 
the magnetic flux will be [18].  
 

2.2 Electrical steel 
When choosing material for an electric motor there are several aspects to consider, and no 
material is optimal for all applications. And there will be a trade-off between magnetic 
properties, mechanical properties, and cost. The rotor is made of thin surface insulated 
laminations stacked together on an axis. These laminations are either laser cut or punched, with 
the latter being the most common.  
 
These factors will be discussed further below. 

- Composition 
- Grain orientation 
- Lamination thickness 
- Effect of stresses 
- Heat treatment 
- Insulation 

2.2.1 Composition 
The composition of the alloy will have a large impact on what magnetic and mechanical 
properties that are possible to obtain. By varying the composition it is possible to optimize 
either the magnetic or mechanical properties. The exact compositions for different alloys will 
be in section 2.3.1 to 2.3.4. 
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2.2.2 Grain orientation 
Electrical steels are used in a lot of different applications; these applications require different 
grain structures. In transformers the magnetic flux always acts in the same direction, because 
of this it is favourable to have the grains oriented in one direction. This will increase the 
magnetic flux in that direction and also reduce the eddy currents in the steel [19].  
In electric motors the magnetic flux isn’t always flowing in one direction and it is therefore not 
favorable to have a grain orientated steel. In these applications a non-grain oriented steel is used 
instead. These steels are isotropic when it comes to the magnetic properties.  
 
The use of grain-orientated steel in an SRM has been investigated and the design used segments 
of grain orientated steel inserted into a base made of non-grain orientated steel. This design 
showed a higher torque as well as higher efficiency compared to using only non-grain orientated 
steel, the difference was largest at lower rpm and decreased as the motor speed increased [20]. 
However, this design won’t be investigated in this report due to its complexity and only the 
non-grain orientated steels will be investigated.  

2.2.3 Lamination thickness 
A lot of research has been performed investigating the effect of lamination thickness. The 
results show that the core losses will increase as the lamination thickness increase [21][22], this 
effect becomes amplified as the frequency increases. The thickness won’t be of importance 
while simulating the rotating forces acting on the material, as these forces act uniform on the 
material, independent of the thickness. In the simulation of the magnetic field the thickness is 
set to 1mm for simplicity.  
 
By reducing the thickness of the laminations the stacking factor will decrease and the cost will 
increase. When handling thin laminations there is also the risk of stresses being induced in the 
material due to bending, if these stresses are high enough there will be defects in the steel 
leading to a decrease in the magnetic properties. The thickness of the laminations will be a 
compromise between price and performance.  
 
By making the laminations thin the core losses will decrease, but will in turn require more 
laminations, leading to higher cost. 
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2.2.4 Effect of stresses 
When stresses are induced in the material the magnetic properties will decrease, this decrease 
is due to that the deformation create defects in the lattice that pin the domain walls [23]. As 
long as the deformation is elastic the magnetic properties will go back to is full potential after 
the stresses are relieved, but if the deformation is plastic the decrease in the magnetic properties 
will be permanent unless the material is heat treated. To ensure that the magnetic properties 
don’t change too much as the motor operates, it is recommended that the stresses don’t exceed 
half of the yield strength [24]. 
 
Because of these effects the manufacturing of the laminations are important. There are several 
different ways of cutting sheet into laminations, but due to the low cost of punching it remains 
the most common way of cutting laminations for both electric motors and transformers. The 
downside of punching is the deformation that occurs along the edge. 

2.2.5 Heat treatment 
Electrical steels come in two basic conditions, semi and fully processed.  
 
Fully processed steels come fully heat-treated to optimum magnetic properties and often with 
a surface insulation applied. While these materials have already been annealed they may still 
require to be heat treated after cutting, as the edge will deform or suffer phase transitions from 
being heated.  
 
Semi processed steels will always require annealing, both to stress relieve but also to remove 
excess carbon. 
 
The better grades of electrical steels are always delivered in the fully processed state [21].  
To be able to get the mechanical properties needed in this high speed motor the steel will have 
to be heat treater and therefore only fully processed steel will be tested in the simulation. 
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2.3 Different alloys used today 
The most widely used electrical steels are low carbon steel, silicon steel, nickel- and cobalt 
alloys, and a comparison between the magnetic properties and cost for these can be seen in 
Table 2.1 and Figure 2.4. These four alloys will be discussed further below. It should be noted 
that in Figure 2.4 Metglas is seen, but because no B (H) curve could be found for this material 
it won’t be investigated further. 
 
Table 2.1 - Relative properties for differant alloys [21] 
Material Core loss Saturation flux 

density 
Permability Ease of 

pocessing 
Relative cost 

Low carbon 
steel 

Fair Good Good Best 0.5 

Silicon steel Good Good Fair Good 1 
Thin silicon 
steel 

Better Good Fair Fair 10 

49% Nickel Good Fair High Care required 12 
80% Nickel Better Low Best Care required 15 
Cobalt alloy Good Best Good Care required 45 

 
 
 

 
Figure 2.4 - Comparison between Hc and Bs for different materials [17] 
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2.3.1 Low carbon steel 
Low carbon steel is the most widely used material when it comes to tonnage, due to low cost 
and ease of manufacturing [21]. For a steel to be classed as low carbon steel the amount of 
carbon should be approximately 0.05-0.25%. These steel comes with the drawback of high core 
losses, but the low price combined with relatively good mechanical properties makes this steel 
acceptable in many applications. 

2.3.2 Silicon steel 
Silicon steels are mild steels typically containing approximately 2-6.5% silicon [22]. The high 
percentage of silicon is added to ensure a high magnetic flux while reducing the eddy currents 
and narrowing the hysteresis loop [19].  For electrical motors this steel is often used as the extra 
cost is justified by the extra performance.   
 
Silicon steels are often classified by M for magnetic material followed by a number indicating 
the amount of core loss. The lower the number, the lower the losses are [25].  

2.3.3 Nickel alloys 
Nickel alloys are alloys containing a high amount of nickel (40% and upwards) and are balanced 
by iron, with some traces of other elements. These alloys are not often used in electrical motors 
due to high material cost. But as these alloys have high permeability at low field strength and 
have low core losses they could be a good candidate to be used in a rotor. The saturation level 
for nickel alloys are relatively low compared to other alloys, this could be problematic 
depending on the field strength. When the field strength increases over 100A/m these alloys are 
not able to compete with silicon steel. Typical for nickel alloys is that higher nickel content will 
lead to higher permeability at low field strength but will have a lower saturation level then 
alloys with a lower nickel content [22].  
 

2.3.4 Cobalt alloys 
Cobalt alloys are the most expensive alloys and contain approximately 49% Cobalt and 2% 
Vanadium balanced by Iron [26]. These alloys are mostly used in high cost applications like 
airplanes and other applications that require that the weight is minimized. As cobalt alloys can 
generate the highest flux density without saturation, combined with good mechanical properties 
makes it possible to create a rotor using less material. Cobalt alloys have been tested in electrical 
motors before with good results, one author showed that a change from a silicon alloy to a 
cobalt alloy increased the power by as much as 25% [26]. To be noted here is that this change 
was both for the rotor and stator laminations. 
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2.3.5 Density 
The centripetal force is defined by: 
 

 𝐹𝑐 = 𝑚 ∗ 𝜔2 ∗ 𝑟 (2.3) 

Where m is the mass, ω the angular velocity and r the radius. Because both the speed and the 
rotor dimensions are fixed it can be determined that the only way to reduce the centripetal force 
is to reduce the density. The density for some common electrical steels are shown in Figure 2.5. 
 

 
Figure 2.5 - Density and yield strength for common magnetic materials [17] 
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2.3.6 Price 
The price for the different alloys is shown in Figure 2.6, the price is in SEK/kg and it can be 
seen that the Nickel alloys are more expensive than the Silicon alloys while producing lower 
induction. Based on this, Nickel alloys will not be tested for the rotor. Cobalt alloys produce 
higher induction but at a higher price, but as this will result in a smaller motor the motor can 
still become cheaper.  
 

 
Figure 2.6 - Price vs saturation limit for the different alloys [17] 
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3 Method 
To determine the mechanical properties needed a first simulation of the centripetal forces acting 
on the rotor will be performed, this is done at 36000rpm to simulate a 20% over speed as 
proposed by [27]. This increase is performed to ensure that the motor can handle a speed higher 
than the rated speed of 30000rpm. From this simulation only materials with a yield strength that 
is at least double that of the simulated stress will be tested in the FIRE simulation, this was done 
in order to eliminate the stresses effect on the magnetic properties as mentioned in 2.2.4. The 
FIRE simulation is used to evaluate the difference in torque between materials. The impact of 
the magnetic pull will be tested in Abaqus to ensure that the stresses don’t increase too much. 
This work path is also visualised in Figure 3.1. The plots of material properties are created using 
CES EduPack. 
 
 

 
Figure 3.1 - Work path during simulation 

3.1 Design of motor 
To be able to simulate the stresses during operation properly the motor parameters needs to be 
correct. Below follows a description of how the rotor and stator parameters have been chosen, 
as this report’s main focus is the material properties. All rotor parameters will be completely 
based on previous research and no optimization of the rotor design will be performed.   

3.1.1 Calculations of aimed torque 
In Figure 3.2 an example of a torque vs motor speed curve is presented, to be noted here is that 
unlike conventional internal combustion engines, electric motors can generate maximum torque 
directly from the start. This torque can be kept constant for a wide range before dropping off 
after the base speed limit. The maximum torque that can be generated is dependent on the 
current delivered to the motor, as the motor speed exceeds the base speed the torque will 
decrease because less current is delivered to the motor.  
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Figure 3.2 - Typical torque/speed curve of an SRM 

 
Because the highest operating speed of this motor is pre-determined to 30,000 rpm we need to 
decide the power output to be able to calculate the torque required using equation (3.1) [27].  
 

 𝑃 = 𝜔 ∗ 𝜏 (3.1) 

Where P is in kW, ω in rad/s and τ in Nm.  
 
To decide the power output a study on smaller available electric vehicles has been performed, 
se Table 3.1 [28], [29], [30], [31], [32], [33].  
 

Table 3.1 - Motor specifications for various personal EV 

Car model Continuous power [kW] Max rpm [1/min^1] Max torque [Nm] 

Mercedes B-class electric  65 12500 340 

Tesla model x 85 16000 740 

Kia Soul 81,4 8000 540 

Volkswagen E-golf 85 12000 269 

BMW i3 75 11400 249 

Nissan leaf 80 10500 254 

Average 78,6 11733,3 398,7 

 
From this an aimed continuous power output of 80 kW is decided. Using equation (3.1) the 
torque at max speed needs to be τ max≈25Nm to still produce 80kW. 
 
The base speed of the motor (see Figure 3.2) is dependent on the current limit of the stator 
windings. As this report doesn’t focus on the electronics the base speed will be set to 20% of 
the maximum speed, this number is approximated by comparing the base speed of different 
existing SR motors. This can be seen in Table 3.2. 
 



16 
 

Table 3.2 - Base speed vs max speed of different SRM 

Motor Base speed [rpm] Max speed [rpm] Ratio  

SRM 1 [34] 1200 6000 0.2 
SRM 2 [34] 2768 13,900 0.199 
SRM 3 [27] 10,250 50,000 0.205 

 
This gives a base speed of 6000 rpm. Using equation (3.1) the torque generated at base speed 
needs to be τ base≈127 Nm, to still generate 80 kW. This gives that τ max is 19.68% of τ base. 
 

3.1.2 Rotor type 
There are a lot of different ways to design the rotor, one researcher tested different rotor designs 
while keeping all other parameters constant [5]. The results showed that the design showed in 
Figure 3.3 generated the highest flux density. This rotor design is the most widely used and also 
the design used in this report. 

  
Figure 3.3 - Rotor design used in this report 

3.1.3 Calculations of rotor poles 
As mentioned in 1.1.1 a higher rotor/stator number will result in a smoother operation but will 
increase the switching frequency, this can be calculated using: 
 

𝑓𝑠 = 𝑞 ∗ (𝜔𝑟𝑚
2𝜋 ) ∗ 𝑁𝑟 [𝐻𝑧] (3.2) 

Where ωrm is in rad/s, q is the number of phases and Nr is the number of rotor poles [12].  
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The motor type considered is the 6/4 poles based motor, this motor configuration is well tested 
and has been optimized in most aspects [5], [6], [11], [35]. 6/4 stand for 6 stator poles and 4 
rotor poles. 
 
Using equation (3.2) and this motor configuration a switching frequency of 6000Hz is 
calculated. This is considered low enough based on the works of [27] where a 3 phase 6/4 motor 
is designed for 50,000rpm. Seen from equation (3.2) a change to a four phase 8/6 motor would 
increase the frequency by a factor of 2, this would lead to higher core losses and require faster 
and more expensive electronics.  

3.1.4 Rotor diameter 
The diameter of the rotor will be determined from a ratio based on the stator outer diameter 
[27]: 
 
 𝐷𝑅𝑜𝑡𝑜𝑟 = 0.6 ∗ 𝐷𝑆𝑡𝑎𝑡𝑜𝑟  (3.3) 

 
The diameter of the stator is set to 200mm, this value is an approximation based on the size of 
current EV motors. This gives a rotor diameter of 120mm. As this motor is used at high speeds 
there is a risk of the rotor tip speed to exceed the speed of sound, at 340.29 m/s. The maximum 
outer diameter at 30,000rpm is therefore calculated: 
 

 𝜋 ∗ 𝐷𝑚𝑎𝑥 ∗ 𝜔
2𝜋 = 340.29 (3.4) 

 

 𝐷𝑚𝑎𝑥 = 340.29 ∗ 2
𝜔  (3.5) 

 

 𝐷𝑚𝑎𝑥 =0.216 [m] (3.6) 

 
As the maximum diameter is larger than the chosen diameter this won’t be a problem.  
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3.1.5 Rotor pole arc/pitch 
In Figure 3.4 is a representation of the pole pitch and pole arc.  
 

 
Figure 3.4 - Visualization of pole arc and pole pitch 

Understandably the ratio between these will have a large impact on the power output, this ratio 
is called γ and is given by: 
 
 𝛾 = 𝑅𝑜𝑡𝑜𝑟 𝑝𝑜𝑙𝑒 𝑎𝑟𝑐 𝑙𝑒𝑛𝑔𝑡ℎ 

𝑃𝑜𝑙𝑒 𝑝𝑖𝑡𝑐ℎ 𝑙𝑒𝑛𝑔𝑡ℎ  (3.7) 

The impact of varying this has been investigated by several researchers [5], [6], [35]. The 
simulations made by [5] showed that the maximum torque is generated when γ=0.38. This value 
will be used in the design of the rotor. 
 
For this 6/4 motor the pitch length is always a sixth of the circumference of the rotor, combining 
this with the value for γ and inserting this into equation (3.7) gives:  
 
 0.38 = 𝐴𝑟𝑐

(𝜋 ∗ 𝐷
6 )

 (3.8) 

  

Arc = 0.38 ∗ 𝜋 ∗ 𝐷
6  

 

(3.9) 

  



19 
 

3.1.6 Stator pole arc/pitch 
The ratio between the stator pole arc and pole pitch is called β and is calculated on the same 
principle as γ. The optimum value for this ratio has also been investigated by [5], the results 
showed that the highest torque is generated at β=0.5. This values will be used in the design of 
the stator. 

3.1.7 Rotor inner diameter and axis diameter 
The dimensions for the rotor inner diameter and the axis diameter can be calculated by first 
calculating the thickness of the rotor yoke. The rotor yoke is the distance between the inner 
diameter and the shaft thickness, and can be calculated using: 
 

 𝑦𝑟 = 𝑘𝑦𝑟 ∗ 𝑡𝑟
2  (3.10) 

Here kyr is a constant that should be 1.1<kyr<1.3 [10]. Using this value for the rotor yoke the 
shaft diameter can be calculated: 
 

 𝐷𝑠ℎ = 𝐷𝑟 − 2(ℎ𝑟 + 𝑦𝑟) (3.11) 

Here hr is the height of the rotor arms. For simplicity the inner diameter of the rotor will be set 
to 50 percent of the rotor outer diameter, the axis diameter will be set to 50 percent of the rotor 
inner diameter. This gives a rotor inner diameter of 60mm and a shaft diameter of 30mm and a 
kyr=1.16 can be calculated, which is in the suggested range.  

3.1.8 Air gap 
The air gap between the rotor and the stator is a critical part of every electric motor. A smaller 
air gap will lead to a higher torque due to a lower reluctance when the rotor approaches the 
aligned position, but will require tighter manufacturing tolerances. There is also concerns for 
both elastic deformation due to the centrifugal load and also the thermal expansion, if the rotor 
deforms too much there is the risk of contact between the rotor and stator. This thesis will look 
at the elastic deformation but won’t take the thermal expansion in to account. 
 
An exact relation for the air gap of a SRM is hard to determine, but according to [10] the air 
gap should be around 0.2-0.6mm, and according to [6] the air gap should be 0.5% of the rotor 
diameter. 0.5% of the rotor diameter would give an air gap of 0.6mm. Based on this an air gap 
of 0.6mm is decided.    

3.1.9 Axis mounting 
During manufacturing of the motor the laminations will be stacked on one axis, to ensure that 
the laminations stay aligned during operation there will be slots in the rotor. No optimization 
of this has been found and therefor four slots are placed symmetrically with a depth of 2 mm 
and a width of 4mm. The effect of these slots will be investigated in the Abaqus part of the 
simulation.  
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3.1.10 Final rotor design 
Combining all of this leads to the rotor design seen in Figure 3.5. 
 

 
Figure 3.5 - Final rotor design 
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3.2 Simulations 
The simulations will start with evaluating the mechanical properties needed for a material of a 
rotor for this high-speed application, this FEM analysis will be performed in Dassault Systems 
Abaqus™. The first simulation in Abaqus will only simulate the centripetal forces acting on the 
rotor. This will be followed by a Computational fluid dynamics (CFD) simulation of the 
magnetic field acting on the rotor; this magnetic simulation will be performed in AVL FIRE™. 
This part covers the theory behind the simulations. Below follows a thorough explanation on 
the setup of the two simulations. 

3.2.1 Abaqus 

3.2.1.1 Mesh 
The simulation was performed in 2D with quadratic elements with median axis rotation around 
the z-axis. Part of the mesh can be seen in Figure 3.6, the mesh contained a total of 112241 
elements. 
 

 
Figure 3.6 - Mesh used in force simulations 

3.2.1.2 Boundary conditions and load 
The rotor was set as encastre (U1=U2=U3=UR1=UR2=UR3=0) on all surfaces adjacent to the 
axis. The load was applied as a rotating force acting uniformly on the entire part. The magnetic 
pull is applied as a point load on the edge of the lamination. This is visualised in Figure 3.7. In 
reality the magnetic pull is spread out over the lamination and this simulation will give higher 
stresses than what should be expected. 
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Figure 3.7 – Loads and boundary condition 

 

3.2.1.3 Von Mises Stress 
The stress used in the investigation covered in this report is the Von Mises Stress, this stress is 
the equivalent of the stresses in all three directions. The Von Mises Stress is calculated by using 
equation (3.12). 
 

 (𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2 + (𝜎3 − 𝜎1)2 = 2𝜎𝑒2 (3.12) 

 

3.2.1.4 Isotropic material 
When the steels are rolled it will create some difference in the mechanical properties between 
the rolling and transverse direction. But because these laminations will be loaded uniformly in 
all directions the value used for young’s modulus and yield strength will be those of the rolling 
direction. The rolling direction is used as it is the weaker of the two. 
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3.2.2 AVL FIRE  

3.2.2.1 Maxwell stress tensor 
AVL FIRE used the Maxwell stress tensor method, this method is widely used to simulate the 
magnetic forces acting on an object.  
 
To be able to calculate the force acting on the rotor we start with Lorentz law: 
 

 𝑓 = 𝑗 × 𝐵 (3.13) 

In Lorentz law 𝑓 is the force per volume, 𝑗 is the current density and 𝐵 is the magnetic flux 
density [36]. To obtain the total force we integrate over the volume: 

The simulation is performed in 2D and a surface is created in the middle of the air gap, it is on 
this surface that the magnetic flux density is used to calculate the torque generated by the motor.  
 
By combining the Lorentz Law with the Gauss Law this expression can be rewritten to integrate 
over a cylindrical surface giving the expression: 
 
 𝑓 = ∮ 𝑇𝑑𝑠

 

𝑠
 (3.15) 

Where T is the Maxwell Stress Tensor containing the elements of surface stress [36]. 

3.2.2.2 Mesh 
As in the Abaqus simulation this simulation is also performed in 2D with quadratic elements 
with median axis rotation around the z-axis. This simulation is non-linear and the mesh is one 
cell thick in the z-direction, i.e. one element with one unit in length. The mesh was generated 
in Abaqus and imported into AVL FIRE. 
 
3.2.2.2.1 Mesh refinement  
To ensure that the results are not dependent on the mesh, a mesh independence analysis will be 
performed. The method used to estimate the discretization error is the one proposed by [37]. 
This method consist of 5 steps, these steps are described below. 
 
Step 1: Define a cell, mesh or grid size h: 
 

 
ℎ = [1

𝑁 + ∑(∆𝐴𝑖)
𝑁

𝑖=1
]

1/2

 (3.16) 

Here ∆𝐴𝑖 is the area of the ith cell and N is the total number of cells in the simulation.  
 

 𝐹 = ∭ 𝑑𝑉 𝑗 × 𝐵 (3.14) 
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Step 2: Select three different sets of grids, and run the simulation to obtain the value for one or 
more critical variable ϕ. In this case the critical variable is the magnetic flux density. When this 
variable is measured the grid is refined, the refinement factor:  
 

 𝑟 = ℎ𝑐𝑜𝑎𝑟𝑠𝑒
ℎ𝑓𝑖𝑛𝑒

 (3.17) 

This factor should be approximately 1.3.  
 
Step 3: Let h1<h2<h3 and r21=h2/h1, r32=h3/h2 and calculate p using: 
 

 
𝑝 = 1

ln (𝑟21) |𝑙𝑛 |𝜀32
𝜀21

|| (3.18) 

Where 𝜀32 = 𝜙3 − 𝜙2 and 𝜀21 = 𝜙2 − 𝜙3. 
 
Step 4: Calculate the extrapolated values from 
 

 
𝜙𝑒𝑥𝑡21 =

𝑟21
𝑝 𝜙1 − 𝜙2
𝑟21

𝑝 − 1  (3.19) 

Similarly, calculate 𝜙𝑒𝑥𝑡32 . 
 
Step 5: Calculate and report the following error estimates, along with the apparent order p: 
Approximate relative error: 
 

 𝑒𝑎21 = |𝜙1 − 𝜙2
𝜙1

| (3.20) 

Extrapolated relative error: 
 

 𝑒𝑒𝑥𝑡21 = |𝜙𝑒𝑥𝑡12 − 𝜙1
𝜙𝑒𝑥𝑡

12 | (3.21) 

 
The fine grid convergence index: 
 

 𝐺𝐶𝐼𝑓𝑖𝑛𝑒
21 = 1.25𝑒𝑎21

𝑟21
𝑝 − 1  (3.22) 
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3.2.2.2.2 Cell selections and faces 
For FIRE to be able to simulate with different materials in one computational domain it requires 
that different materials have different cell selections. For the simulation of a SRM there will be 
four cell selections, one with the material properties for stator iron, rotor iron, copper (stator 
windings) and air. The iron used in the rotor and stator could be one cell selection, but the 
material in the stator will be constant for all simulations. The copper windings will also be 
divided in to six individual selections, this is because there is three phases and each phase has 
a positive and a negative lead. The different cell selections can be seen in Figure 3.8, here black 
is each negative phase, orange is phase ones’ positive lead, pink phase two and red phase three. 
Light blue is air, green is stator iron and dark blue is rotor iron. 
 

 
Figure 3.8 - Complete mesh with cell selections 

 
For the rotor to be able to move inside the stator two face selections are created to represent 
where the movement will occur, one on the rotor and one on the stator. A face selection is also 
created in the middle of the air gap, this is the surface at which the magnetic flux is calculated. 
These surfaces can be seen in Figure 3.9 
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Figure 3.9 - Faces in mesh for sliding (pink) and calculation of magnetic flux density (red) 

3.2.2.3 Time step 
The simulation will simulate 30 degrees of a full rotation in 1 degree steps. At 6000 rpm the 
motor spins at 100 revolutions per second, or one revolution in 0.01 seconds. To go in steps of 
one degree this value is divided by 360, giving a time step of 0.277Ps seconds and a total 
timespan of 8.33Ps. 

3.2.2.4 Control strategy 
 
For all of the simulation torque will only been investigated while activating one phase at a time, 
this control strategy leads to high torque ripple. To solve this phase activations can overlap to 
ensure smoother operation. In Figure 3.10 the torque during 180° is shown while only igniting 
one phase at a time. As this report has focused on the material part only one activation has been 
tested. 

 
Figure 3.10 - Torque and magnetic flux density during 180° with one phase activation 
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3.2.2.5 Fill factor 
The fill factor is calculated by dividing the cross-sectional area of the windings with the total 
area of the winding space. Cylindrical windings is the most widely used because of its 
simplicity of manufacturing. As seen in Figure 3.11 this leads to much space in-between the 
individual windings, this could be solved by using quadratic windings instead, but would make 
the stator harder to manufacture. The fill factor used in the simulations are set to 50% as 
proposed by [38]. Because there is insulation on each wire it´s hard to reach a fill factor much 
higher than this as only the copper contribute to the fill factor and not the insulation.  
 

 
Figure 3.11 - Copper windings in one phase showing the impact of fill factor 

3.2.2.6 Current density 
Since the simulation uses the Maxwell stress tensor method the current in the copper windings 
is defined as a constant current density. Current density is calculated by dividing the total 
current with the area it flows thru and are often in the range of 9-12A/mm2

 for motors with 
ventilated windings. For a SRM the current density have been proposed to be as high as 
20A/mm2 [38]. A current density this high would most likely require liquid cooling of the stator. 
The current density used in these simulations are set to 20A/mm2 with a fill factor of 50%.  The 
current is applied optimally as a phase goes from off to on. In reality the current is depending 
on multiple parameters, such as the battery voltage and the resistance of the windings.  

3.2.2.7 B (H) curve 
When simulating the magnetic field only the first quadrant of the hysteresis loop is used, this 
plot is known as the first magnetization curve, or B (H) curve and an example of a B (H) curve 
for different alloys can be seen in Figure 3.12.  
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Figure 3.12 – B (H) curves for different materials 

3.2.2.8 Lamination thickness 
It is discussed in section 2.2.3 that the lamination thickness will have an effect on the magnetic 
properties of the material. In all of the simulation the thickness is set to 1mm, but because the 
B (H) curves come from a thinner lamination the effect is still taken in to account. The torque 
generated for one lamination is multiplied by 1000 to represent a motor of 1m. 
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4 Results 
4.1 Abaqus 1 
The rotor was first simulated with sharp corners between the centre and the arms, resulting in 
high stresses at the corner as seen in Figure 4.1 and Figure 4.2. During these simulations only 
the centripetal forces act on the rotor at 36000rpm. 
 

 
Figure 4.1 - Von Mises stress with sharp corners 

 

 
Figure 4.2 – Sharp corner with high stresses 
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Because of the high corner stresses a radius was added for the corners. First 6mm (Figure 4.3) 
and then 15mm (Figure 4.4). 
 

 
Figure 4.3 - Von Mises stress with 6mm corner radius 

 

 
Figure 4.4 - Von Mises stress with 15mm corner radius 

The 15mm radius is chosen as the stresses are almost as low as the stresses in other parts of 
the rotor and are therefore not limiting the material choice. The effect of this is discussed later 
in the report. 
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As expected the stresses will be lowest at the part of the rotor where the rotor arms are not 
pulling in the outwards direction, seen in Figure 4.4. The slots for mounting the rotor plates are 
placed in these four spots.  
 
This indicates that the steel needs to have a yield strength of at least 349Mpa to ensure that the 
stresses don’t impact the magnetic properties. A limitation is applied to show materials with a 
yield strength higher than 349Mpa, the available materials before and after the limitation can 
be seen in Figure 4.5 and Figure 4.6. The minimum yield strength is approximately 380MPa 
for the cobalt alloys and 400MPa for the silicon alloys. 
 

 
Figure 4.5 - Materials before strength limitation [17] 
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Figure 4.6 - Materials after strength limitation [17] 

From this it was decided to simulate the three materials seen in Figure 4.7, pure iron is also 
simulated to use as a reference. In Figure 4.8 the B (H) curves for the materials are shown, these 
curves are used in FIRE. The material called Supermendur is the high purity cobalt alloy, 
Vanadium Permendur is the other cobalt alloy, and M22 is the silicon steel. M22 silicon steel 
is chosen for the stator in all simulations. The M22 alloy is widely used and as the induction 
don’t differ that much between the silicon alloys M22 is chosen.  
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Figure 4.7 - Materials that are to be simulated in FIRE [17] 

 

 
Figure 4.8 - B (H) curve for the different materials simulated in FIRE 
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4.2 AVL FIRE 
In Table 4.1 the results of the mesh refinement can be seen. The grid study showed that 149613 
cells was needed. Here Φ is the torque at time 0.0001, as seen in Figure 4.9 and Figure 4.10 this 
was the step with the largest difference in torque. The finest mesh used contained 149613 cells 
and using this mesh the grid convergence index was 5.2%. This was considered sufficient and 
no finer mesh was tested.  
 

Table 4.1 – Results from calculation of discretization error 

N1,N2,N3 149613, 94316, 61734 cells 
r21 1,25 
r32 1,25 
Φ1 427 Nm 
Φ2 430.08 Nm 
Φ3 438.603 Nm 
p 0.715304 
Φext

21 409.2027 Nm 
ea

21 0.72% 
eext

21 4.35% 
GCIfine

21 5.2% 
 

 
Figure 4.9 - Torque generated during activation of one phase using different cell size 
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Figure 4.10 - Zoom at most affected region 

To lower the computational time, the mesh with 94216 cells was used for the rest of the 
simulations.  
 
Figure 4.11 shows the magnetic flux density for the first time step at 1° rotation, this is known 
as the unaligned position. After a 15° revolution the rotor is halfway to the aligned position 
(Figure 4.12) and after 30° the rotor is in the aligned position (Figure 4.13). 
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Figure 4.11 - Flux density for unaligned position 

 
Figure 4.12 - Flux density after 15 degrees rotation 

 
Figure 4.13 - Flux density for aligned position 
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4.3 Abaqus 2 
The highest torque of all materials was generated by Supermendur and was 1040Nm for a motor 
of 1m length. This means that a lamination of 1mm will generate 1.04Nm of torque at 7° 
revolution, or a force of 8.66N at 60mm length. A torque this high will only be produced up to 
the base speed of 6000rpm. After this it will decrease as the speed increases and as mentioned 
in 3.1.1 this provide that the torque at 30000 rpm would have to be 19.68% of the torque at base 
speed, giving a force of 1.7N for one lamination. The density used in the previous simulations 
was set to 7800kg/m3, as it is the average density for steel. The Cobalt alloy has a density of 
8200 kg/m3 and in order to see how this impact the results, the rest of the simulations use this 
density to represent the worst case scenario. 
 
Both base speed and maximum speed is simulated to determine when during the motors 
operation span the stresses are highest.   
 
The first case is simulated at base speed with 8.66N pull at the edge of the lamination, the 
results of this can be seen in Figure 4.14. 
 

 
Figure 4.14 - Simulation of magnetic pull at base speed and 8.66N edge load 
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Figure 4.15 - Simulation of magnetic pull at maximum speed and 1.7N edge load 

 

 
Figure 4.16 - Simulation of rotation at 20% over speed 

From these figures it is concluded that the worst stress acting on the rotor will be 187.6MPa 
and will occur at 20% over speed. The stresses at this point exceed half of the limiting yield 
strength, calculated earlier, and as such the magnetic properties might decrease. But as the 
motor is not meant to operate at this speed the limiting yield strength remains 349MPa. 
 
A simulation of the displacement is also performed to ensure that there is no risk of contact 
between the rotor and the stator. The displacement can be seen in Figure 4.17. 
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Figure 4.17 - Displacement at 36000rpm 

The maximum displacement was calculated to be 0.0243mm and any risk of contact is ruled 
out. 
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5 Discussion 
The results show that to withstand the forces acting on the rotor the materials needs to have a 
yield strength of at least 349MPa to ensure that the stresses don’t effect the motors performance. 
The highest stresses occur at 20% over speed and the magnetic pull don’t affect the rotor as 
much as the centripetal forces.  
 
Both the cobalt alloys have the same saturated induction of 2.4T, the Supermendur alloys will 
show higher induction at lower field strength. Because of this the motor will be able to produce 
higher torque earlier in the revolution where the magnetic flux is lower. This can be seen in 
Figure 5.1. 
 

 
Figure 5.1 - Torque generated during a 30° revolution with activation of one phase 

By using the Supermendur alloy a maximum torque of 1040Nm could be produced for a motor 
of 1m length. The Vanadium Permendur alloy produced 950Nm and M22 860Nm. All of these 
alloys show sufficient mechanical properties to handle both the rotation and the magnetic pull.  
 
By dividing τBase=127Nm from 3.1.1 with the maximum torque produced for the different alloys 
a comparison in motor length can be done. From the CAD model the motor weight can be 
calculated for the representative density and length. And finally the price. The results of this is 
seen in Table 5.1. The prices are based on data from CES EduPack where both the cobalt alloys 
have the same price. This gives that the price for Supermendur and Vanadium Permendur show 
similar cost but Supermendur have a sufficient increase in generated torque. The prices seen in 
this thesis is presented to give an approximation. 
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Table 5.1 - Comparison between different alloys 

 Motor length [mm] Motor weight [kg] Price [SEK] 
M22 148 5.87 26.4 
Vanadium Permendur 134 5.55 777 
Supermendur 123 5.1 714 

 
There is often a size restriction rather than a power requirement, there for a comparison of 
power for equally sized motors are made and can be seen in Table 5.2. 
 

Table 5.2 - Comparison of power output and price for equally sized motors 

 Motor 
length 
[mm] 

Motor 
weight 
[kg] 

Price 
[SEK] 

Power 
output 
[Nm] 

Power 
increase 
[%] 

Price 
increase 
[%] 

M22 148 5.87 26.4 127.3 - -  
Vanadium 
Permendur 

148 6.13 858.5 140.6 10.5 3 151.9 

Supermendur 148 6.13 858.5 153.92 20.9 3 151.9 
 
Here it is assumed that each lamination is 1mm thick and the length is rounded upwards. The 
stacking factor is assumed to be 100% which won’t be the case in reality.  
 
This methodology for testing different materials has shown to be successful and show that AVL 
FIRE is a useful tool for simulating a SRM. A corner radius of 15mm is used in all of the 
simulations to decrease the stresses in the rotor. How this affects the generated torque has not 
been simulated. If the radius has a big impact on the generated torque the radius has to be 
removed and the limiting yield strength would have to be higher.  
This report has only focused on the material properties of the different alloys, more factors have 
an impact on the final material decision. For example: 
 

- Availability 
- Environmental impact 
- Insulation 
- Stacking factor 

 
For all the simulations in AVL FIRE the same material has been used for the stator, the impact 
on the results from using a different material is unknown. The same goes for the current density 
that is constant during all simulations. If the current density would be lower the difference 
between the materials might be smaller as the field strength is reduced.  
 
In the Abaqus simulation the magnetic pull is simulated as a point load on the edge of the rotor, 
this results in higher stresses than if the force would be dispersed. If the load would be applied 
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more uniformly on the rotor the limiting yield would be lower and more materials might be 
available.  
 
No reports has been found that only examine the effect of varying the rotor material while 
keeping all other parameters constant. Therefor the results cannot be directly compared with 
other methods for calculating the torque. The results can be compared to researchers varying 
both the stator and rotor material. As mentioned in 2.3.4 the generated torque was increased by 
25% when using a cobalt alloy over a silicon alloy [26]. The Cobalt alloy used in those 
simulations are comparative to the Vanadium Permendur alloy. If the torque increase for 
changing the stator material would be as large as for changing the rotor material these results 
correspond to the simulations made in this thesis.  
 
When looking at the torque curves in Figure 5.1 generated in FIRE it can be seen that 
Supermendur generates the lowest torque after 17 degrees revolution. This does not agree with 
the simulations of [26] and [39] and the reason for this is unknown and should be examined 
further.  
 

5.1 Future work 
This thesis is fully theoretical and no validation of the simulation has been performed. For the 
simulations to be fully correct, experimental test has to be performed to validate the model. The 
results can’t be compared to previous research either as no reports have been found that only 
vary the rotor material while keeping the stator constant. The first thing that should be done is 
to verify the FIRE simulation through experimental testing using a prototype. Mechanical 
testing of the rotor should also be performed to ensure that a yield strength of 349MPa is 
sufficient for a motor of this speed. More work should be put in to how the magnetic pull is 
simulated on the rotor arm. Metallic glass also shows promising properties to be used in a SRM, 
due to not finding B (H) curves and time constrains no simulations were performed on these. 
 
This model can be used in the further development of the motor, different controlling strategies 
can be tested to see how the difference in average torque is produced. The model could also be 
used in choosing the stator iron. This would require a deeper understanding of the magnetic 
losses as these play a fundamental role in the choice of stator iron. 
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6 Conclusion 
This thesis has presented a comparison between different alloys, the alloys has been evaluated 
based on both mechanical and magnetic properties. The results show that the material has to 
have a yield strength of at least 349MPa to ensure that the magnetic properties are not affected 
by the stresses acting on the rotor. The simulations made in AVL FIRE showed that by using 
the high purity cobalt-iron alloy the generated torque could be increased, but resulting in a 
substantial cost increase.   
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